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Abstract
We consider Non-Standard neutrino Interactions (NSI), described by four-fermion operators
of the form (¯γ)(f¯ γf), where f is an electron or first generation quark. We assume these
operators are generated at dimension  8, so the related vertices involving charged leptons,
obtained by an SU(2) transformation  ! e, do not appear at tree level. These related
vertices necessarily arise at one loop, via W exchange. We catalogue current constraints from
sin2 W measurements in neutrino scattering, from atmospheric neutrino observations, from
LEP, and from bounds on the related charged lepton operators. We estimate future bounds
from comparing KamLAND and solar neutrino data, and from measuring sin2 W at the near
detector of a neutrino factory. Operators constructed with  and e should not confuse the
determination of oscillation parameters at a factory, because the processes we consider are
more sensitive than oscillations at the far detector. For operators involving  , we estimate
similar sensitivities at the near and far detector.
1 Introduction
Lepton flavour violation is observed in atmospheric and solar neutrino experiments. The atmospheric
neutrino decit is mainly due to muon neutrino disappearance: the  flux measured at Super-
Kamiokande (SK) has a strong zenith angle dependence, which deviates from the Standard Model
(SM) expectation by more than 7 [1]. Neutrinos change flavors as they travel to the Earth from
the center of the Sun, as was seen directly at the Sudbury Neutrino Observatory (SNO) through the
measurements of the charged current and the neutral current reactions for 8B solar neutrinos [2].
These results demonstrate simply that new physics is required. In principle, the atmospheric
and solar neutrino decits can be explained by neutrino masses or by giving the neutrinos new
interactions. Data disfavor non standard interactions ( NSI) of neutrinos as an explanation for
the atmospheric neutrino decit [3, 4, 5] through the energy and baseline dependence. KamLAND
detector has recently conrmed the large mixing angle (LMA) oscillation explanation of the solar
neutrino puzzle[6]. Prior to this, NSI were a viable alternative solution[7, 8] 1.
1Reference [9] found that NSI induced in the R-parity violating MSSM could not explain the solar neutrino deficit.
However, their operators were otherwise constrained to be at least an order of magnitude smaller than the solutions
found in [8].
NSI may be comparable to (or larger than) oscillation eects in other processes or at other energies.
This is a particularly relevant issue for neutrino factories [10, 11, 12, 13, 14, 15, 16, 17], where NSI
may aect the oscillation parameters inferred from experimental data, biasing the value of some of the
mixing angles. For instance, it was suggested in [16] that NSI could interfere with the determination
of sin2 13 at a neutrino factory
2. It is important to understand how signicant is this possibility.
The original aim of this paper was to show that short baseline and precision experiments are more
sensitive to NSI than the far detector at a neutrino factory. We will see that this is true for some
NSI, but borderline for those involving a  .
We consider neutral current NSI, from a phenomenological perspective: we follow [18], and assume
that the new physics which induces the non-standard ()( ff) operator, where f is a charged lepton
(‘) or quark, does not introduce new charged lepton physics at tree level. Within this approach,
NSI can be constrained [18, 19] from neutrino deep inelastic scattering experiments and from elastic
scattering −e, where the baseline is too short for oscillations. NSI would contribute to  scattering
events, and therefore to the determination of sin2 W in these experiments. So short baseline, high-
flux neutrino experiments, that measure for instance sin2 W , can set signicant bounds on NSI
involving e and .
A ()( ff) operator, will nonetheless induce a (‘‘)( ff) and/or (‘)( ff 0) operator, where f 0 is the
SU(2) partner of f , via external one-loop Standard Model dressing. This is independent of the new
physics that induces the ()( ff) operator. Even in the case in which there are no tree level bounds
on NSI of neutrinos, because there is no appropriate experiment, in general radiative corrections
will generate other types of interactions which could be tested at present (or future) experiments.
Bounds on charged lepton operators therefore set model independent bounds on the NSI operators.
However, at present these bounds are only signicant for −e flavor changing operators, because the
loop suppression is a small number. NSI in loops can also make flavour dependent contributions to
the decay rates of the electroweak gauge bosons, which can set relevant bounds on flavour diagonal
NSI.
Present bounds still allow sizable (diagonal) NSI of  , but we will show that they can be con-
strained by comparing SNO/SK solar data and KamLAND results. The bounds are signicantly
better if KamLAND nds an oscillatory signal, that is if m2sol < 10−4 eV, as we will assume for
deniteness.
We introduce our notation and assumptions in section 2. Section 3 presents current constraints
on flavour diagonal and flavour changing neutral current NSI, both from tree level eects (short
baseline, high-flux neutrino scattering experiments, LEP, atmospheric neutrinos) and from one-loop
processes (flavour changing charged lepton interactions, LEP). In section 4, we discuss the sensitivity
of solar neutrino experiments, SNO and Super-Kamiokande, using KamLAND to pin-point the solar
oscillation parameters, m2sol and 12. We also discuss the sensitivity of future experiments, using
the near detector at a nufactory as an example. We summarize our results in section 6, tabulating
the best current and future bounds we obtained.
2 Notation and Assumptions
At energy scales  mW (where there is a large amount of precise  scattering data), the Standard
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Table 1: Z couplings to SM fermions.
lepton flavours, roman indices (i; j;...) correspond to neutrino mass eigenstates, and late alphabet
Greek letters (; ...) are space-time indices.
We consider non-standard, neutral current neutrino interactions, so we add operators with the
form of the second term in equation (1). We do not include new charged current interactions. As
discussed in [10, 12, 14, 16, 20], NSI can contribute to a \ neutrino oscillation" signal via charged
current interactions in the source or detector, or via neutral current interactions in the propagation
from source to detector. However, we anticipate that other experimental processes are more sensitive
to charged current NSI that long baseline neutrino oscillations (e.g. flavour changing NSI in the
source could induce taus and wrong sign muons in the near detector).
Non-renormalisable operators involving a Standard Model neutrino and anti-neutrino can be
ordered by their dimension, or by their number of legs in the SU(3)U(1) invariant eective theory
of SM fermions and photons. These options are dierent, because Higgs elds saturated by the
vacuum expectation value (vev) are not counted as legs. If we count by legs, then new physics
coupled to neutrinos can appear as a four fermion operator. We require this operator to conserve
electric charge, colour and lepton number, which forces it to be of V  A form. We assume three
light neutrinos, with Majorana masses and the SM interactions of equation (1). We allow them to
have NSI, parametrised as




where f is now a rst generation SM fermion: e; u or d, and P = L or R. We are not concerned
with f from the second or third generation, because such interactions could not aect oscillation
experiments. We neglect possible CP violation in the new interactions (this has been considered in
[13, 21]), so we take "fP 2 <. If the only new neutrino interactions are neutral current, the neutrino
flavour basis is well-dened (see [20]), and we can label neutrinos by their SM flavour.
Assuming that the four-fermion vertices of equation (2) arise in an SU(2)⊗U(1) gauge invariant
theory containing the SM spectrum with a single Higgs doublet, they can be generated by operators
of dimension six, eight and larger [18] containing more and more vevs of the Higgs doublet. In this
paper we will not consider dimension seven L =2 operators [22] because, unless their coupling is
very small, we expect these interactions to generate too large neutrino Majorana masses. There is
an important dierence between the dimension 6 and dimension 8 ()( ff) operators: new physics
which induces the dimension 6 operator also induces an operator involving charged leptons, with
a coecient of the same order (by SU(2) invariance) [23]. Charged lepton physics imposes tight
constraints on these coecients of dimension 6 operators. At dimension 8, an operator as in equation





without any charged lepton counterpart [18] 3. We include the operator (2), and neglect the associated
3The Lorentz indices in eq. (3) are contracted ‘¯eR. The s carry gauge SU(2) indices.
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at dimension eight.
If new physics operators are generated at tree level by exchange of particles with mass , naive
power counting tells us that dimension six operators should give rise to "  h2v2F=2 where h is
some generic coupling of the new physics particles. Taking into account present data collected at
LEP and Tevatron one can reasonably assume that  > 200 GeV. Even though somehow lighter
particles are not excluded (e.g. if neutral or only produced in pairs or having small couplings with
ordinary particles), we are using an eective Lagrangian approach which is only valid below .
This counting tells us that we expect " < h2 for dimension 6 operators. If NSI interactions are
generated by dimension 8 operators one expects an extra suppression proportional to v2F=
2 which
is only important if   vF , therefore one naturally expects " 1. However, h could be relatively
large without leaving the perturbative regime. Thus, "’s order one are not completely unnatural
if the scale of new physics is not extremely large and the couplings of new particles are large. It
is, therefore, important to check how large these NSI can be on purely phenomenological grounds.
Thus, in this paper, we will concentrate on the phenomenology of U(1)SU(3) invariant ()( ff)
operators, with arbitrary coecients. As mentioned in the introduction, there will nonetheless be
constraints from charged lepton physics on these operators. One loop SM dressing of the tree level
NSI vertices ()( ff) (for instance exchanging a W between the external legs), will necessarily
induce (ee)( ff) and/or (e)( ff
0). This is discussed in section 3.2.
In the eective theory described by equations (1) and (2), there will normally be a number of
four-fermion operators which can contribute to a process. Experimental measurements of dierent
processes will set limits on dierent sums of operators. It is common, in setting a limit on a given
four-fermion operator, to assume that all other four-fermion operators are zero. This approach makes
sense when the new physics contributions add incoherently,c’est a` dire when one adds probabilities
not amplitudes. It also makes sense if the dierent new physics amplitudes interfere with dierent
SM amplitudes|for instance, if there is an NSI - SM interference term / "qLgqL + "qRgqR, these two
terms can only cancel against each other if the NSI know sin2 W . We consider this unlikely (since
we assume they are generated at dimension 8, rather than 6), so we quote limits on one " at a time
in our summary tables.
We will assume that the only unknown new physics are the non-standard neutrino interactions.
We calculate what current experiments should measure according to the SM, and require the NSI
contribution to be less than the experimental error (1.6 ), or less than the theory - experiment
discrepancy.
3 Present bounds
Before considering particle physics bounds, let us discuss briefly astrophysical and cosmological
bounds on neutrino NSI. Neutrino interactions with matter, electrons and light quarks, can aect
many astrophysical and cosmological scenarios. They could keep neutrinos in thermal equilibrium
with ordinary matter for a longer time at the time of nucleosynthesis and disturb one of the great
successes of modern cosmology. They could also produce stronger interactions of neutrinos with
matter in the core of supernovae therefore keeping neutrinos trapped for a longer time and disturbing
the duration of the neutrino pulse observed in SN1987A [24, 25, 26]. They could also contribute to
the energy loss of stars due to processes like plasmon decay (γ ! ) which are determinant for the
evolution of red giants. All these processes occur in the SM mediated by neutral or charged currents
and the SM value is essential to understand the three scenarios mentioned. Now the question is
how large NSI are allowed in order not to disturb present observations? For instance, the case of
plasmon decay in red giants has been used to place stringent bounds on a possible neutrino magnetic
moment[24]. The SM gives contributions to plasmon decay from neutral and charged currents for
e and only from neutral currents for  and  . To destabilize the SM results one should modify
4
" < O(1) from energy loss in red giants. We expect, at best, similar results from supernova data or
nucleosynthesis. As we will see, laboratory data already place better limits on e and  NSI, and
SNO, Super-Kamiokande and KamLAND will also improve the bounds for  .
We rst consider tree level eects of the operators in (2), which contain only the neutrino current
with either the electron or rst generation quark currents. Low energy scattering experiments can
constrain NSI involving e and , while to derive bounds on diagonal  NSI one should use the
measurement of the e+e− ! γ cross section at LEP [18] and atmospheric neutrino data [5]. We set
further bounds using the fact that such operators always induce one loop eects in much better tested
charged lepton processes. These constrain flavor changing NSI involving rst and second generation
neutrinos to be undetectably small.
3.1 Tree level eects
3.1.1  scattering experiments
Neutrino NSI with either electrons or rst generation quarks can be constrained by low energy
scattering data. We review previous analysis [19, 18] and update them by including the recent
results of the NuTeV experiment. As we shall see below, the bounds are rather stringent for 
interactions, looser for e and do not exist for (diagonal)  .
We present bounds assuming that only one operator is present at a time, for the reasons explained
above, although we also comment on how these limits are relaxed when several diagonal NSI are
considered simultaneously.
 ee! e scattering
In the presence of neutral current neutrino NSI the ee elastic cross section is given by





















where geL = −0:2718 and geR = 0:2326 are the SM neutral current couplings of the electron,
including electroweak radiative corrections and corresponding to the best t point of the latest
SM global t of precision observables (without including NuTeV).
The most accurate measurement of this cross section is the LSND result [27]:





which, taking into account the SM prediction (ee! ee)jSM = 1:0967G2FmeE=, translates
into the following 90% CL bounds on diagonal ee NSI (assuming only one operator at a time):
−0:07 < "eLee < 0:11 (6)
−1: < "eRee < 0:5 (7)
We can also set bounds on flavour changing NSI. These are only relevant for e interactions,
because for e better bounds are obtained from the one loop eects discussed in section 3.2.
Assuming there are only flavor changing NSI we obtain:
j"eLe j < 0:4 j"eRe j < 0:7 (8)
One can wonder how these bounds would be relaxed when allowing for several operators to be
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Figure 1: Bounds on flavor conserving non-standard ee interactions from LSND experiment. Allowed
regions at 90% CL are between the two ellipses.
is shown in Fig. 1. The 90% CL allowed region is between the two ellipses, and corresponds to
the range




(0:2326 + "eRee )
2 < 0:725 (9)
 eq ! q scattering
The CHARM collaboration measured the following combination of eN and eN cross sections
[28]:
Re =
(eN ! X) + (eN ! X)
(eN ! eX) + (eN ! eX) = (~gLe)
2 + (~gRe)
2 = 0:406 0:140 (10)
Since charged current NSI are strongly constrained, we neglect them and use this measurement






















j"uRe j2 + (gdL + "dRee )2 +
∑
6=e
j"dRe j2 : (12)
The SM couplings corresponding to the best t are (~gLe)
2 = 0:3042 and (~gRe)
2 = 0:0301. Using
this result, the 90% CL bounds on flavour diagonal NSI are
−1: < "uLee < 0:3 (13)
−0:3 < "dLee < 0:3 (14)
−0:4 < "uRee < 0:7 (15)
−0:6 < "dRee < 0:5 (16)
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The corresponding 90% CL bounds for flavour changing NSI interactions are
j"qPe j < 0:5 q = u; d P = L;R (17)
Again, these bounds are only relevant for e , since for e tighter ones are derived from one
loop eects.
If we consider all kind of diagonal NSI, the allowed regions at 90% CL are limited by two four
dimensional ellipsoids and are given by
0:176 < (0:3493+ "uLee )
2 + (−0:4269 + "dLee )2 + (−0:1551+ "uRee )2 + (0:0775+ "dRee )2 < 0:636 (18)
 e! e
The CHARM II collaboration gives the following results for vector and axial-vector e − 
couplings [29]:
geV = −0:035 0:017 and geA = −0:503 0:017 (19)
where they have used LEP forward-backward asymmetry to determine the signs. From these
one gets
geL = −0:269 0:017 and geR = 0:234 0:017 (20)
The SM values of the left- and right-handed couplings are the same as for ee scattering, so we
can readily derive the 90% CL bounds on diagonal NSI
−0:025 < "eL < 0:03 (21)
−0:027 < "eR < 0:03 (22)
as well as on flavour changing operators,
j"eP j < 0:1 P = L;R (23)
when we allow only flavor changing NSI.
 q ! q
The NuTeV collaboration measures the ratios of neutral current to charged current neutrino-
nucleon cross sections, which for an isoscalar target and at leading order are given by
R  (N ! X)
(N ! X) = (~gL)
2 + r(~gR)
2 (24)
R¯  (N ! X)









(N ! X) : (26)
Neglecting charged current NSI, the eective couplings (~gL)
2; (~gR)
2 are as given in eqs.(11),(12),
just changing e!  in the coecients of the neutral current NSI. The values of these couplings
reported by NuTeV are [30]
(~gL)
2 = 0:3005 0:0014 and (~gR)2 = 0:0310 0:0011 : (27)
While (~gR)
2 is in agreement with the SM, (~gR)
2
SM = 0:0301, (~gL)
2 is about 3 away from
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Figure 2: Bounds on flavor conserving non-standard q interactions from NuTeV experiment. The
90% CL allowed regions are the thick ellipse in the left panel and the region between the two ellipses
in the right one.
The NuTeV result for (~gL)
2 can be tted (at 90% CL) by
−0:009 < "uL < −0:003 or 0:002 < "dL < 0:008 ; (28)
and, in principle, since the measured (~gL)
2 is smaller than the SM prediction, pure left-handed
flavour changing NSI are excluded because they do not interfere with the SM amplitude and
therefore always give a positive contribution.
Alternatively one can assume some other explanation [31] of the discrepancy, and estimate that
NSI should contribute less than 1.64  to the NuTeV result. This leads to the constraints:
j"qLj < 0:003 q = u; d (29)
j"qLj < 0:05 q = u; d (30)
For diagonal right-handed NSI the 90% CL allowed ranges are
−0:008 < "uR < 0:003 (31)
−0:008 < "dR < 0:015 ; (32)
while for flavour changing interactions,
j"qR j < 0:05 : q = u; d (33)
These bounds are relaxed if we consider several operators present simultaneously. In Fig. 2 we
plot the 90% CL limits on diagonal neutrino NSI with u- and d-type quarks, both for left- and
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region between the two ellipses in the right one. They are described by the equations:
0:2982 < (0:3493 + "uL)
2 + (−0:4269 + "dL)2 < 0:3028 (34)
0:0292 < (−0:1551 + "uR )2 + (0:0775 + "dR)2 < 0:0328 (35)
3.1.2 LEP
The authors of Ref. [18] have pointed out the importance of the e+e− ! γ cross section measured
at LEP II in order to constraint neutrino NSI. For the case of diagonal e interactions these are the
only laboratory bounds, and for ee they are comparable to the LSND limits already discussed. We
refer the reader to [18] for the detailed analysis, and just summarize here the 90% CL bounds when
only e NSI are considered, which can be read from their Fig. 4:
5
−0:6 < "eL < 0:4 (36)
−0:4 < "eR < 0:6 (37)
This reaction is also useful to constrain flavor changing NSI, but the bounds are comparable or
looser than the ones derived from elastic scattering, namely
j"ePj < 0:4 P = L;R;  = ;  = e;  (38)
assuming only flavor changing non-standard operators.
This process cannot constrain q interactions. However, it is obvious that any NSI interaction
can contribute to Z ! f f at LEP1 or ee+ ! f f at LEP2. These processes occur in the SM
with a pair of virtual Z;W; γ. They have also been observed and the observations roughly agree
with the SM expectations. For instance the cross section with virtual Z and γ going to quarks
and neutrinos e+e− ! Zγ ! qq has been measured by DELPHI at energies above 189 GeV to
be Zγ∗ = (0:129 0:038) which has to be compared with the SM prediction of about 0:092{0:084.
This suggest that NSI should be at most as strong as SM interactions. It is dicult to extract
more precise information on possible NSI from these data because it is based on a particular pole
structure which is not shared by the NSI. Clearly, to be more precise on the NSI a dedicated study
should be performed. In addition, NSI of  with quarks can in principle be constrained through one
loop eects both in the invisible and the hadronic Z width, but typically these bounds are O(1) (see
sect. 3.2).
One can ask whether TESLA would set improved bounds. The sensitivity at TESLA to contact
interactions of the form 2
p
2GF (eγ
Pe)(γ; e) can be estimated [32] to be  > 0:5 10−3. Using
c  :002 from section 3.2,   c" implies " < O(0:3). This is not particularly signicant, and
corresponds to a new physics mass scale below 500 GeV (
p
s at TESLA) so the contact interaction
analysis is not appropriate. A more promising channel might be ee! γ(), but to our knowledge,
the limits that could be extracted from searching for this at TESLA have not been studied.
3.1.3 Atmospheric neutrinos
Exotic (i.e., no-oscillation) solutions of the atmospheric neutrino problem are disfavored by the energy
and baseline dependence [3, 4]. In particular, in Ref.[5] an explanation of atmospheric neutrino data
in terms of pure NSI of neutrinos is ruled out at 99% CL, but a combined analysis is performed
which includes both, oscillations and non-standard neutrino-matter interactions, and allows to set
signicant bounds on diagonal as well as flavour changing neutrino’s NSI. Two comments are in order.





4There are indeed two ellipses, but they can not be distinguished in the figure.
5We have estimated a  10% accuracy at 90% CL.
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not consider NSI in the production neither in the detection of the neutrinos. However both processes
take place through charged current interactions, which are better constrained, so one does not expect
sizable eects.
Notice that when NSI appear only in the propagation of neutrinos in matter, the relevant param-
eters are the flavour changing NSI couplings and the difference between the diagonal ones, denoted
in [5, 33] as the non-universality parameter "0. The combined analysis leads to the following 90% CL
bounds when both diagonal and flavour changing NSI are simultaneously present [33]:
−0:016 < "dV < −0:009 0 < "dV < 0:013 (39)
j"dV − "dV j < 0:03 (40)
Although the t has been done assuming only neutrino-down quark NSI similar results can be
expected for the neutrino-electron and neutrino-up quark cases.
This result leads to a stringent constraint on flavour changing four-fermion operators involv-
ing  , and provides a complementary bound on diagonal NSI of  with quarks, only loosely
constrained by LEP.
3.2 One loop eects
On general grounds we expect that interactions in which the  are replaced by the corresponding
leptons will be generated by one loop diagrams with virtual W ’s. Eective interactions, however, are
nonrenormalizable and, therefore, a precise prescription has to be given in order to estimate these
corrections. Our point of view will be that these are originated from a more complete theory at scales
  mW which is renormalizable (or perhaps nite) and in which observables can be computed in
terms of a few parameters.
We illustrate our point with a simple toy model, in which exact loop calculations can be easily
done. It is not a realistic example of the type of model we wish to constrain (see e.g. [18] for such
models), because it induces (eγPe) (γL ) and (γ
Pe) (eγL) simultaneously at dimension 6
with approximately the same coecient. So  appearance at the near detector of a neutrino factory
would be more sensitive to this model than neutrino scattering.
As a guide for the type of calculations we are going to perform, we imagine the standard model
extended by a singly charged scalar singlet h+, with mass M , which has the following interaction






h− + h:c: ; (41)







h− + h:c: : (42)
Exchange of scalars will generate a four-fermion interaction of the type we are considering (for a
review of this model from the eective Lagrangian point of view see [34]),


































Figure 3: One-loop contributions to four-fermion interactions in a theory with a charged scalar
singlet.
Figure 4: One-loop contributions to four-fermion interactions in the eective theory.
In addition this model also generates, at tree level, interactions of the type (eγL) (γLe) and
(γL) (eγLe) which are not interesting for our discussion and which we have represented by the
dots in eq. (43).
Although at tree level this model does not provide any contribution to − ! −e−e+ it does
contain contributions at the one-loop level. The only contribution with  and  in virtual states is
given by the diagram in Fig. 3 (note that in this model there are other diagrams contributing to the
process with other types of neutrinos in virtual states). In fact the diagram in Fig. 3 can be easily
computed and it is nite. In the limit of MW ;M  m it generates the following interaction among













(eγLe) (γL) ; (45)
where "eL is given by eq. (44) and the function F (x) is
F (x) =
x
x− 1 ln(x)  ln(x) :
The important thing is that to obtain this logarithmic contribution we do not need to know all the
details of the complete theory. We can compute it by using the four-fermion eective interaction
(Fig. 4).
This diagram yields a logarithmically divergent contribution. However, the divergent part can be
unambiguously calculated. In the eective eld theory language one should add a counter-term (a 4-
charged fermion interaction) to the Lagrangian in order to absorb this divergence. The coecient of
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of new physics, , there is no 4-charged fermion interaction at tree level it will be generated through
running from the scale  to the electroweak scale. Thus, to compute the logarithmic contribution it
is enough to compute the divergent part of the diagram in Fig. 4. The nite parts have to do with
possible non-logarithmic contributions generated at the scale  which cannot be computed without
knowing the details of the complete theory and should be absorbed in the initial conditions for the
running of the dierent operators. However, if the scale  is much larger than the electroweak scale,
one can reasonably assume that the logarithm ln(=mW ) dominates completely the result.
If we apply this point of view to the model we just considered we obtain exactly the same result as
in eq. (45) with F (M2=m2W ) replaced by 2 ln(=mW )+(), where () takes into account possible
non-logarithmic contributions at the scale . So the eective Lagrangian calculation gives the correct
answer if we identify  with the mass of the charged singlet, M and take (M) = 0. Note, however,
that in the eective eld theory calculation we have no way to determine (), which depends on the
details of the complete theory. In fact, in the eective eld theory  can only loosely be related to
the masses of the unknown more complete theory. (), somehow, parameterizes all these unknown
details. The important point is that we expect it to be at most order 1 and negligible in front of the
calculable logarithmic piece if  is large enough.
In order to set reliable bounds on the "’s using these one loop corrections we would need to know
roughly the size of . However this is not known. Bounds will be set directly on the "’s at tree
level and on " ln(=mW ) at one loop. Of course, " also depends implicitly on m
2
W=
2 as in eq. (44),
however, it also depends on other parameters, in this case the Yukawa and gauge couplings, which,
at the level of the eective four-fermion theory cannot be completely disentangled. One might expect
the logarithm to give some enhancement, but, since the size of this enhancement cannot be reliably
computed we choose to be conservative and take ln(=mW )  1 in all the bounds we will set from
loop calculations.
3.2.1 Limits on lepton flavor violating interactions
Using these arguments we can get some indirect bounds on the interactions in eq. (2) by using
radiative corrections. The calculation of the diagram in Fig. 4 remains essentially unchanged if we
use as starting point an eective interaction with other type of neutrinos or with neutrinos and





 respectively, we expect a four-fermion interaction among electrons, u-quarks













 0:0027 : (46)
These interactions give rise to a class of interesting processes like − ! e+e−e− (BR < 1:0 10−12),
− ! e+e−e− (BR < 2:9 10−6), − ! e+e−− (BR < 1:7 10−6), T i! e T i(Γ < 4:3 10−12),
− ! e−0(BR < 3:7  10−6), − ! −0(BR < 4:0  10−6), − ! e−0(BR < 2:0  10−6),
− ! −0(BR < 6:3  10−6) which are strongly bounded from present experiments, thus one can




 , and similarly for quark interactions with neutrinos. We
have listed the branching ratios we use to set bounds, so that the limits on the "’s can be rescaled if
the experimental bounds become stronger.
Consider for example the bound on "eP from 
− ! −e+e−. The diagram of Fig. 4 with the






Pe) (γL) ; (47)
with c given in eq. (46). From this we can immediately compute the branching ratio
BR(− ! −e+e−) = BR(− ! − )Γ(
− ! −e+e−)
Γ(− ! − ) = 0:1737
∣∣∣c"eP ∣∣∣2 < 1:7 10−6 ; (48)
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∣∣" ∣∣ < 0:0031=c < 1:2 ; 90% CL : (49)
Note that, as can easily be checked from the Michel parameters, the operators (‘γ
‘)(eγLe)
and (‘γ
‘) (eγRe) give the same contribution to the total decay rate.
Somehow worse bounds can be obtained for "ePe , j"ePe j < 2:9, because the limits on − ! e−e+e−
are a bit looser and because of the two identical particles in the nal state.
Much more interesting, however, are the bounds that can be set on "ePe because of the strong
experimental limit on BR(− ! e−e+e−). In this case the calculation is similar except for a few
factors due to the identical particles in the nal state. We have
BR(− ! e−e+e−)  Γ(
− ! e−e+e−)
Γ(− ! e−e) = 0:5
∣∣∣c"ePe ∣∣∣2 < 1 10−12 ; (50)
from where we obtain ∣∣∣"ePe ∣∣∣ < 1:4 10−6=c < 5 10−4 ; 90% CL : (51)
Similar arguments can be used for NSI of quarks with neutrinos. In fact, Fig. 4 also generates
interactions like eq. (45) but with the electron elds replaced by u or d-quark elds. These interactions
contribute to several hadronic decays of the tau lepton. Thus, we can set bounds on the "qP (with
 = e;  and q = u; d). For instance, assuming no unnatural cancellations among the u-quark and





BR(− ! −) < 1:6 ; (52)
where we included the isospin factor
p
2 and used BR(− ! −)  0:22.
From the decay − ! e−0 one obtains similar but slightly worse bounds because the limit on
BR(− ! e−0) is worse and because BR(− ! −) is smaller. It is important, however, to
remark that decays into ’s probe the vector channel and decays into ’s probe the pseudoscalar
channel and, in this sense, provide a complementary information.
Using − ! −0 (or − ! −0) one can also set bounds on "qP . Using decays into ’s we
obtain j"qP j < 2:8.
Finally we can set bounds on "qPe from − e conversion on nuclei. Comparing the experimental
upper bound on the rate of − e conversion to the rate of muon capture,
Re  (
−T i! e−T i)
(−T i! capture) < 4:3 10
−12 ;
implies (see e.g. [35]) that
"qPe <
√
Re=c  7:7 10−4 :
We have collected the numerical values of the best bounds in table 3.
3.2.2 Limits on lepton flavor conserving interactions
For lepton flavor conserving operators, diagrams like Fig. 4 also give rise to interactions with four
charged leptons, however the information we can extract from them is not so useful. In addition,
in that case, there are other interesting interactions that can also be generated through radiative
corrections. In particular, loop corrections involving interactions like the ones in eq. (2) can aect
in a non-universal way the decay rates of the electroweak gauge bosons as shown in Figs. 5-7. This
type of interactions also occur in the SM but in the SM they are universal, they have the same
strength for the dierent generations. Then, we can bound them by using the various universality
tests. These are checked, at most, at the level of 0:1%, which is of the order of the SM radiative
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Figure 5: Contributions of lepton flavor conserving NSI to the vertex of the Z-gauge bosons to
electrons, u and d-quarks.
corrections (apart from mt corrections or running  corrections) which are order


. We expect the
one-loop contributions from NSI to give corrections 

" therefore we expect, from these processes, to
obtain very weak bounds " < 1. Let us see how these bounds arise.
Fig. 5 gives corrections to the hadronic and leptonic decay widths of the Z-boson. The NSI
contributions to the amplitudes of these processes interfere with the tree-level SM amplitudes and
the total correction is proportional to the sum of all neutrino couplings. Since "fPee , "
fP
 are bounded
by other means we will consider only  interactions. The calculation of the diagram gives a correction





























where we have adopted the PDG convention for SM Z-couplings to fermions,





(gfV − gfAγ5) fZ ;
with gV = gL + gR, gA = gL − gR (see table 1), and (−1)P = +1 for P = L and (−1)P = −1 for
P = R. Results for geV;A are usually presented in terms of an eective g
e
V;A at the Z peak which
incorporates the SM electroweak radiative corrections (but not nal state QED corrections). geA is
known with a good precision (geA = −0:50111  0:00035 without assuming universality in the t)
and agrees quite well with the SM prediction for a light Higgs geA  −0:5012, therefore additional
contributions must be small. Requiring that geA is smaller, in absolute value, than the error, and










0:00035 1:64  0:5 ; 90%CL :
For the vector part the precision is not so good and the agreement with the standard model is not so
perfect: the measurement yields geV  −0:03816 0:00047 while the SM prediction for a light Higgs
is about geV  −0:037. Requiring that the additional corrections are smaller, in absolute value, than










0:00047 1:64  0:7 ; 90%CL :
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Figure 6: Contributions of lepton flavor conserving NSI to the Z invisible decay width.
These bounds are comparable to the tree-level limits one can set from e+e− ! γ and, in particular,
if we consider only couplings to  and assume no cancellations among dierent operators we nd
j"eP j < 0:5 : (53)
If we allow for cancellations among left- and right-handed operators the limit is slightly moved to
about 0:6.
Although the same corrections appear also for light quarks, they only aect the total hadronic
decay width of the Z, which also contains contributions from s,c and b quarks. One can try to
subtract the b and the c contributions but the s quark is practically impossible to separate. Therefore,
although with additional assumptions (for instance that the b, c and s quark couplings are standard)
one can set some bounds on the hadronic "’s, the bounds will not be comparable to the ones obtained
for the electron couplings.
On the other hand, Fig. 6 gives corrections to the invisible decay width of the Z-boson which,
assuming 3 neutrino flavours, can be used to set bounds on the "’s. In this case non-diagonal neutrino
NSI could also contribute. However, these contributions do not interfere with tree level amplitudes
and are already bounded by lepton flavor violating processes. Neglecting the non-diagonal terms,
Fig. 6 will be proportional to the sum of all the "’s. Evaluation of the diagram yields the following

















(gfV + (−1)P gfA)"fP :
Assuming that all the other couplings are standard one can obtain information on the above
combination of "’s from the invisible decay width of the Z, Γinv. SM limits on N , the number of
neutrino species, are in fact bounds on Γinv. If only  NSI contribute to Γinv (e and  interactions






2 (we assume only left-handed neutrinos so gαA = g
α







where in the denominator we have assumed approximate universality in the couplings. Taking only
one operator at a time and requiring that the NSI contribution is smaller than the error in absolute
value (N < 0:008) we nd (at 90% CL) ∣∣∣"uL
∣∣∣ < 1:4 ; (55)∣∣∣"uR ∣∣∣ < 3 ; (56)
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Figure 7: Contributions of leptonic flavor conserving NSI to the vertex of the W gauge boson.
∣∣∣"dL ∣∣∣ < 1:1 ; (57)∣∣∣"dR
∣∣∣ < 6 ; (58)∣∣∣"eL ∣∣∣ < 5 ; (59)∣∣∣"eR ∣∣∣ < 6 : (60)
Of course for electron couplings to neutrinos we have much better bounds from the leptonic decay
widths of the Z. For hadronic couplings these are the best limits we have.
In addition to the processes considered there are other one-loop diagrams that could give in-
teresting contributions. For instance, the diagram in Fig. 7 gives corrections to the coupling of the
W-boson to the electron only. This coupling can be absorbed in the denition of GF aecting equally
 decay and  decays (or  ! e  e and  ! e e). Note, however, that it will not aect  !   
or  !  . Obviously, these contributions also will aect dierently W ! e e and W !   or
W !   . Therefore, universality limits can be used to set bounds on "eLee , the only coupling ap-
pearing Fig. 7. However, we do not expect interesting bounds since this coupling is already bounded
from ee! ee scattering.
Finally one can use the recent determinations of GF in  decays (such as  ! ,  ! )
to set constraints [36] on new physics involving the  . Operators of the form (γ )(f
0γPf) are
induced at one loop by the operators we are considering (see Fig. 8). Thus, from the bounds in [36]
one can extract limits on the flavour diagonal "fL . However, these limits are loser than the ones
already discussed and only aect left-handed couplings.
In any case, one can use atmospheric neutrino data to set much more stringent limits on these
couplings, once we use that the "fP are well bounded from  scattering experiments.
4 KamLAND and SNO/SK
The large mixing angle (LMA) oscillation solution of the solar neutrino problem [37], has been
conrmed by the anti{neutrino reactor experiment KamLAND. It is a short baseline experiment
(matter eects are negligible in the present global allowed region by solar and reactor data) measuring
electron anti-neutrinos through a charged current process. We will assume that KamLAND nds an
oscillatory signal, so the neutrino parameters m2sol and 12 will be determined with good precision.
Let us stress that the neutral current NSI we are discussing in this work does not aect in a signicant
way the KamLAND observables. On the other hand, the solar neutrino data may be plagued by NSI
present in the matter potential (evolution in the Sun and in the Earth) and/or by NSI present in
the neutrino neutral current detection. Therefore the consistency of the KamLAND and the solar
neutrino data can give us information on NSI that contribute in solar neutrino experiments. In this
16
Figure 8: Contributions of lepton flavor conserving NSI to standard charged current processes.
section, we anticipate the constraints that could be set with three years of KamLAND data.
We will consider solar neutrino data only from SNO and SK (for a discussion on the impact of
NSI in the Borexino observables, see Ref. [38]). The main source of neutrinos at the energies relevant
for SNO and SK is 8B neutrinos. There is also a small contribution due to hep neutrinos (roughly
0.5% of the total rate if we use the solar standard model fluxes) that we consider as a source of
systematic error in the experiments. The reason for using only 8B neutrino data is that the resulting
bounds on NSI are almost solar model independent. For simplicity, we will use the total number of
events measured at these experiments for the daytime and for the nighttime characterized by the
total rates and the day{night asymmetries. These data are enough to show the bounds that can be
reached by this set of experiments. A more complete analysis should include spectral SK and SNO
information.
NSI modify the evolution in matter by the eective parameters "0V and "V , described as a function

















where Nf is the number density of target particles f in matter, and "
V = "L + "R. We are using the
fact that the 3-neutrino evolution in matter can be described in good approximation by an eective
2-neutrino description even for "e  1, because GFNe  m2atm=E . The neutrino evolution
Hamiltonian in the presence of NSI can be found in [8].
Let us discuss the main eect of NSI in the solar neutrino evolution:
 "0V modies the survival probability through the change of the eective matter density seen by
the neutrinos. If "0V is negative, the eective density is smaller and the resonance happens at
larger energies, changing the recoil energy spectrum and the total rate in SK and SNO. Thus,
6In this analysis we have taken 13 = 0, which is a good approximation because solar and KamLAND data are
weakly sensitive to 13 below the CHOOZ bound.
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positive " V increases the eective density and the resonance happens at lower energies, having
a flat spectrum for the 8B neutrinos and a slightly aected rate. This would imply that there is
no bound on positive "0V from 8B neutrinos. However, the large eective density would be also
in the Earth and it would make an eect in the day{night dierence. The measured day-night
asymmetry (ADN = 2(N −D)=(N +D) where D(N) are the number of events measured during
the daytime (nighttime)) bounds positive "0V .
 "V , if small, modies the survival probability through the change of the eective mixing [26].
Roughly speaking, KamLAND depends on  while SNO/SK observables depend on the com-
binations + "V and the comparison of the allowed ranges for the mixing angle extracted from
KamLAND data and from the SK{SNO data dene the "V bounds we can get.
We consider the following solar neutrino observables:
SNO Charged Current (CC): NSI appear only in the propagation due to matter eects (only
vector couplings contribute),






is the 8B solar neutrino flux normalized to the standard solar model prediction. We denoted [XX] as
the observable XX normalized to the case of no transition ([XX] = XX(Pee)
XX(Pee=1)
) and h iXX indicates
the observable XX averaged with the detector response. Pee is the probability that e produced in
the sun will arrive as e at the detector.
SNO Neutral Current: NSI appear mainly in the neutrino detection. At low energies the neutrino{
deuteron cross section is dominated by the Gamow-Teller transitions, so that the cross section scales
as g2A, where gA is the coupling of the neutrino current to the axial isovector hadronic current
7
[39, 40, 41, 42, 43]. In the SM, gA = g
u
A − gdA = 1 and using that the nuclear corrections to gA are
the same when the NSI are added we obtain:




hPeiNC("uA − "dA); (66)
Thus, this cross section is mainly sensitive to the axial part of the NSI and contains complementary
information to the oscillation probabilities that depend on the vector part of the NSI. Notice that
in the case of absence of axial NSI, the NC detection is blind to oscillations (
∑
=e;; Pe = 1) and
determine the total 8B flux even if neutrinos oscillate [44].
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ee :::) is given in eq. (4); the µe(gL + "
eL
:::) and τ e(gL + "
eL
 :::) are the obvious modi-
cations of this equation. In the following, we refer to [ES] as the averaged value from SK and SNO
electron scattering measurements.
Regarding the data used in the present analysis, we assume that in the next three years:
- KamLAND will nd a clear signal of oscillations (total rate and energy distortion). From
KamLAND, we will be able to know the ranges of the solar oscillation parameters, m2sol and 12
with good precision. Assuming that KamLAND conrm the present best t point to the solar
neutrino data, we expect hPee("0V = 0; "V = 0)i = 0:32(1 0:07) [45].
- We assume a moderate improvement on the SNO and SK measurements and that the NC is
measured independently from the CC in the second and the third SNO phases [46]. The central
values correspond to the present central measurements : [CC]= 0.35 (1 0.05), [NC]= 1.01 (1
0.08) and [ES]= 0.47 (1 0.03) (the present measurements and errors are [CC]= 0.349 (1 0.057)
[2], [NC]= 1.008 (1 0.125) [2], [ES]= 0.465 (1 0.032) [47]).
- We use the day-night asymmetry measured at Super-Kamiokande ADN = 0:021  0:024 [47],
consistent with the rst SNO measurement ADN = 0:07 0:05 [48].
- In the calculations, we use 0:4  cos2 23  0:6, the expected 90% CL allowed range from
MINOS [49].
Finally, the results presented in this section have been obtained solving numerically the evolution
in the Sun and in the Earth using the electron and neutron number densities from the standard solar
model [50] and the preliminary reference earth model [51]. Details on the KamLAND simulation used
in this analysis can be found in Ref. [45]. CC and NC cross sections were obtained from Ref. [41].
ES was computed including radiative corrections [52].
We present bounds on a given four-fermion operator, assuming that all other four-fermion opera-
tors are zero. Let us illustrate how the bounds come out for a particular NSI, namely (eγLe)(eγLe).
If we consider only this operator, eqs. (63){(67) simplify to:
[CC] = fBhPee("eLee )iCC ; (70)
[NC] = fB ; (71)
[ES] = fB(rehPee("eLee )iES + 0:157(1− hPee("eLee )iES)) : (72)
In that case, the NC value is a measurement of the 8B flux, fB= 1.01 (1  0.08). This result for fB
combined with eq. (70) gives hPee("eLee )iCC = 0:33(10:09). By inspection, if we compare this averaged
rate with the result from the KamLAND allowed region, hPee("0V = 0; "V = 0)i = 0:32(1 0:07), we
can conclude that "eLee must be constrained in the range where matter eects from the NSI are small.
Using this conclusion in eq. (72), "eLee is further constrained by the ES dependence on re. Solving
numerically the set of eqs. (70){(72) as a function of fB and "
eL
ee and using the allowed range of
parameters (m2sol,12) from KamLAND, we get the 90%CL bound :
−0:08 < "eLee < 0:10 : (73)
More precisely, given the solar observables considered, we computed 2sol as a function of the
NSI parameter "fP , the oscillation parameters m
2
sol, 12 and 23, and the
8B flux normalization,
fB. We add the 




oscillation parameters and the 8B flux normalization for each "fP . Finally, we get the bounds on
the NSI parameter by comparing the function 2("fP ) = 
2("fP ) − 2min and the statistical 2
distribution with 1 dof (2min is the minimum of 
2(total) in the full space of parameters). For the
dierent operators (one by one) that appear in the solar observables, we get at 90% CL:
−0:2 < "eL < 0:3 (74)
−0:3 < "eRee < 0:5 (75)
−0:9 < "eR < 0:3 (76)
−0:25 < "uLee < 0:2 (77)
−0:3 < "uL < 0:25 (78)
−0:2 < "uRee < 0:25 (79)
−0:25 < "uR < 0:3 (80)
−0:2 < "dLee < 0:25 (81)
−0:25 < "dL < 0:3 (82)
−0:25 < "dRee < 0:2 (83)
−0:3 < "dR < 0:25 (84)
where  = ;  and
−0:2 < "fP < 0:3 (85)
where f = e; u; d, P = L;R, and ;  = e; ;  with  6= .
5 Factory
In this section, we estimate the sensitivity to NSI of e scattering and -DIS at the near detector of
a neutrino factory. We outline in the next paragraphs the order of magnitude of the limits the near
detector could set on " ( 6= ), and " ( 6= ). A more careful analysis follows in subsections
5.1 and 5.2, based on the -DIS chapter of the ECFA-CERN Neutrino Factory Study [53]. Mangano
et al. [53] discuss various measurements from which sin2 W could be extracted, with their potential
errors. Finally, in section 5.3, we briefly review potential nufactory bounds on new charged current
neutrino interactions [16, 53].
For flavour diagonal NSI involving e and , sin
2 W measurements at a near detector of a
neutrino factory should be more sensitive than oscillation probabilities measured at the far detector.
" will interfere with the SM amplitude for f ! f , 8 so the diagonal NSI contribute linearly
to scattering. They also contribute linearly to the oscillation probability at the far detector, via
their MSW contribution to the neutrino mass matrix. But there should be more events at the near
detector, because the near beam is narrow, so a well-instrumented detector, of area larger than the
beam, can be built at reasonable cost. This suggests that the statistical and systematic errors on "ee
and " would be smaller at a near detector.
The situation is less clear for flavour changing "( 6= ) which contribute quadratically to
sin2 W . Neglecting for the moment systematic errors, one can estimate that the near detector would
be sensitive to NSI such that NnNSI >
√
NnSM . The number of events in the near detector due
to NSI is NnNSI / "2NnSM , where NnSM is the number of SM  scattering events. In the analysis
of [53], NnSM  108 was taken, so " > :01 might be seen. At the far detector [10, 14, 15],
"s ( with  6= ) appear linearly in the oscillation probability, because they interfere with the
8 6=  here
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detector if NfNSI > Nfosc, where Nfosc is the number of events at the far detector due to oscillations.
So " > sin 13 could interfere with the measurement of sin 13 at the far detector [16]. A recent
analysis [54] suggests that a neutrino factory can realistically measure sin 13 > :01. We nd that the
near detector would be sensitive to " > a few :01, so the sensitivities of the near and far detector
to flavour-changing NSI are similar.
5.1 Measuring sin2 W leptonically
The weak mixing angle could be measured leptonically in the scattering of neutrinos o electrons in
the target. The error is smaller using the ; e from the 
+ beam; sin2 W can be determined from
fact = (e! e) + (ee! e) (86)
with a statistical error of order  sin2 W = 2  10−4 [53]. To estimate \90 % C.L." limits on NSI,
we multiply by 1.6, so use  sin2 W = 3 10−4. The second of these two cross-sections, augmented
by the contributions of NSI, is given in eq. (4), and the rst is


















































j"eRe j2 < 6 10−4 ; (88)
so the flavour-changing NSI satisfy
j"eL j < :04 j"eR j < :02
j"eLe j < :02 j"eRe j < :04 : (89)
(We neglect "ePe because it is more strongly constrained by  ! 3e|see section 3.2.) The flavour
diagonal "s satisfy
j"eLj < 0:003 ; j"eRj < 0:001 ; j"eLee j < 0:0004 ; j"eRee j < 0:004 (90)
assuming no cancellations in equation (88).
5.2 Measuring sin2 W in DIS
In neutrino Deep Inelastic Scattering (DIS), the NC events due to incident e and  cannot be




is not available, and s2W cannot be so elegantly disentangled from parton distributions. It was
conservatively estimated in [53] that a neutrino factory could measure s2W to one part in 10
3, via a













(11),(12), replacing e!  as required.












R+ and R− can be measured with equal sensitivity, so s2W can be independently determined from
both. The NSI appear in one or the other not multiplied by r, so we can set bounds of order
(~gP;e)





< 5 10−4 (94)
or equivalently
j"uLj < 1 10−3 ; (95)
and assuming no cancellations among the terms in ~gP‘ (eqs.(11),(12)) :
j"uL j; j"uLee j < 1 10−3; j"dLj; j"dLee j < 9 10−4
j"uR j; j"uRee j < 2 10−3; j"dR j; j"dRee j < 5 10−3
j"qLj; j"qLe j; j"qR j; j"qRe j < 3 10−2 : (96)
5.3 Charged current interactions
Non standard neutrino interactions of the form given in equation (2) could contribute at one loop
to muon decay or charged current  scattering o quarks in the near detector. This would occur via
the external dressing of the four fermion operator with a W loop, as discussed in section 3.2. For
instance, exchanging a W between the  and e legs of "(γ
)(eγLe) would generate the operator
c"(γ
e)(eγL). This would produce a  from  decay, which could turn into a  in CC scattering












number of  decays
1020
(97)
where N is the number of  events required in the detector for a signal. N  10 was taken in [53].
For c  :002, this is a weaker bound on "ePe ; "eP than from measuring sin2 W . However, in the
opposite limit of c  1 (for instance if the NSI are induced by dimension 6 operators), it is clear that
flavour changing NSI are more readily detected via CC interactions than NC interactions.
6 Summary
We have considered non-standard interactions of neutrinos with rst generation leptons and quarks,
parametrised as




We have taken a phenomenological approach, assuming that the new physics which induces these
non-standard neutral current operators does not generate the SU(2) related charged lepton operators
at tree level. This could be the case if the operators in (98) are of dimension eight or larger. Then
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constraints on such operators from purely neutrino processes.
We point out though, that even if only neutrino neutral current NSI are present at tree level,
they will necessarily induce the related vertices with charged leptons at one loop, via W exchange.
Moreover, radiative corrections involving these neutrino NSI could aect a variety of precision ob-
servables. Thus we have also set bounds on the strength of the NSI in (98) from their one loop
eects, which in some cases are more stringent than the tree level ones.
Our results are summarized in tables 2 and 3. We list the limit on "fP that an experiment would
set if only one NSI operator was present. The limits that arise if cancellations are allowed among
the operators are presented in the body of the paper.
Tree level bounds arise from low energy neutrino scattering experiments. We have collected
present constraints, including the recent NuTeV data, and estimated future limits attainable at the
near detector of a neutrino factory from measuring sin2 W (both, leptonically and in neutrino DIS).
We found that these experiments are more sensitive to "fPee and "
fP
 than the factory far detector.
They also provide the best bounds on flavour changing interactions involving  .
One loop bounds on lepton flavour violating operators are very stringent for "fPe . The present
experimental limits are so strong, that even with the loop suppression, the "fPe are constrained to
be O(10−3). The analogous bounds on "fP ( = e; ) from several tau decays are just order one,
although the experimental limits on some of these decays could improve, in which case the relevant
bound can be rescaled. Regarding flavour diagonal NSI, one loop bounds on "eP from the precise
measurement of geA at LEP are of the same order as the tree level limits from e
+e− ! γ, while the
limits on "qP from the invisible Z width are the only constraints from laboratory data.
Finally, we have estimated future bounds from comparing KamLAND and solar neutrino data.
These could constrain "qP at the level ofO(0:3) (which is roughly one order of magnitude improvement
of the present limits), and set bounds on "eP which are comparable to those from LEP.
We hoped to show that long-baseline experiments at a neutrino factory would indeed measure
oscillation parameters, since NSI would be seen rst in other experiments, like short baseline, high
intensity, precision neutrino scattering experiments. To what degree have we succeeded?
Suppose that no evidence for NSI is found; does this mean such interactions can be ignored in
long baseline oscillation experiments? That is, if the near detector of a neutrino factory sees no NSI,
will the far detector measure oscillation parameters? The answer we nd seems to be that the NSI
cannot quite be ignored. The three problematic "s are " , " and "e.
The Mangano et al. [53] analysis suggests that the near detector would be sensitive to "; "e >
:02, and the Freund et al. analysis [54] says the far detector could see sin 13 < :01. We would
like " < sin 13 to be sure that the "s do not confuse the determination of sin 13. Can these two
analyses be compared? Freund et al. use more events, but the error in the near detector analysis of
[53] is systematic, so it is not clear how the errors scale if we increase the number of events. The error
on the DIS determination of sin2 W could be signicantly smaller than estimated in [53], because
the source of error is the parton distribution functions, and the near detector will measure these [56].
So the near detector might indeed be able to constrain "qP ; "
qP
e < :01. Also, "
q

> :01 could possibly
be seen at ICARUS/OPERA [11], where the neutrino beam is largely  produced in pion decay,
and the detector should be able to identify s.
"eP ; "
eP
e remain a problem, but could perhaps be disentangled from 13 at a neutrino factory by
using the beam spectrum, as discussed in [17].
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Table 2: Flavour conserving four fermion vertices involving two neutrinos and two first generation fermions
(ee, dd or uu), the best current and the best future 90 % CL limits that can be set on the coefficients
2
p
2GF " of the four fermion vertices. See eq. (2) for the definition of ". The limits from processes
marked with an asterisk, ), arise at one loop and are inversely proportional to log(=mW ). We have
assumed log(=mW ) > 1 (see section 3.2).
vertex current limits future limit
(eγPe)(γL ) j"eP j < 0:5 −0:2 < "eL < 0:3
−0:9 < "eR < 0:3
(geA @ LEP)
) KamLAND and SNO/SK
(uγPu)(γL ) j"uL j < 1:4 −0:3 < "uL < 0:25
j"uR j < 3 −0:25 < "uR < 0:3
(Γinv)
) KamLAND and SNO/SK
( dγLd)(γL ) j"dL j < 1:1 −0:25 < "dL < 0:3
j"dR j < 6 −0:3 < "dR < 0:25
(Γinv)
) KamLAND and SNO/SK
(eγPe)(γL) j"ePj < 0:03 j"eLj < 0:003
j"eRj < 0:001
CHARM II leptonic s2W at nufact
(uγPu)(γL) j"uLj < 0:003 j"uLj < 0:001
−0:008 < "uR < 0:003 j"uR j < 0:002
NuTeV s2W in DIS at nufact
( dγPd)(γL) j"dLj < 0:003 j"dLj < 0:0009
−0:008 < "dR < 0:015 j"dR j < 0:005
NuTeV s2W in DIS at nufact
(eγPe)(eγLe) −0:07 < "eLee < 0:1 j"eLee j < 0:0004
−1 < "eRee < 0:5 j"eRee j < 0:004
LSND leptonic s2W at nufact
(uγPu)(eγLe) −1 < "uLee < 0:3 j"uLee j < 0:001
−0:4 < "uRee < 0:7 j"uRee j < 0:002
CHARM s2W in DIS at nufact
( dγPd)(eγLe) −0:3 < "dLee < 0:3 j"dLee j < 0:0009
−0:6 < "dRee < 0:5 j"dRee j < 0:005
CHARM s2W in DIS at nufact
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(ee, dd or uu), the best current, and the best future 90 % CL limits that can be set on their coefficients
2
p
2GF ". See eq. (2) for the definition of ". The limits from processes marked with an asterisk,
), arise
at one loop and are inversely proportional to log(=mW ). We have assumed log(=mW ) > 1 (see section
3.2).
vertex current limits future limit
(eγPe)(γL) j"eP j < 1:2
( ! ee))
j"eP j < 0:1 j"eLj < 0:04; j"eRj < 0:02
CHARM II leptonic s2W at nufact
(uγPu)(γL) j"uP j < 2:8
( ! ))
j"uP j < 0:05 j"uP j < 0:03
NuTeV s2W in DIS at nufact
( dγPd)(γL) j"dP j < 2:8
( ! ))
j"dP j < 0:05 j"dP j < 0:03
NuTeV s2W in DIS at nufact
(eγPe)(γLe) j"ePe j < 5 10−4
(! 3e))
(uγPu)(γLe) j"uPe j < 7:7 10−4
(Ti! Tie))
( dγPd)(γLe) j"dPe j < 7:7 10−4
(Ti! Tie))
(eγPe)(γLe) j"ePe j < 2:9 j"eLe j < 0:02; j"eRe j < 0:04
( ! eee)) leptonic s2W at nufact
j"eLe j < 0:4; j"eRe j < 0:7
LSND
(uγPu)(γLe) j"uPe j < 1:6 j"uPe j < 0:03
( ! e)) s2W in DIS at nufact
j"uPe j < 0:5
CHARM
( dγPd)(γLe) j"dPe j < 1:6 j"dPe j < 0:03
( ! e)) s2W in DIS at nufact
j"dPe j < 0:5
CHARM
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